Textural and stable isotopic features of two middle Pleistocene fluvial stromatolite profiles are compared to a recent stromatolite, both formed in the River Piedra system (NE Spain), to test the reliability of climatic, hydrologic and depositional information derived from ancient records. The Pleistocene stromatolites formed in a multi-domed, highly-inclined cascade-barrage. The recent stromatolite also formed in a highly-inclined cascade of the River Piedra, the sedimentary conditions of which were periodically examined between the years 2000 and 2012.
Introduction
Stromatolites are laminated structures considered to be biogenically formed or at least related to biogenic processes (e.g., Kalkowsky 1908; Riding 2000) . In some present-day calcareous streams and lakes, cyanobacterial calcification is well-developed and is significantly involved in the formation of tufas (Golubic 1976; Pentecost 1978; Pedley 1990; Riding 2000) . Tufas are formed by calcium carbonate precipitation on diverse aquatic biota in ambient-temperature water that is charged with meteoric CO 2 producing a great variety of sedimentary facies and structures (Arp 1995; Arenas-Abad et al. 2010) . Stromatolites may thus occur in flowing-water environments associated with carbonate bedrocks and aquifers (Ford and Pedley 1996; Pentecost 2005) . These "tufa stromatolites" (cf. terminology of Riding 2000) can form extensive and thick deposits in present-day and Quaternary fluvial environments. They are largely produced by encrustation of the sheath (Merz-Preiß and Riding 1999), i.e. by mineral precipitation on the organic tissue (Riding 1991) . This is the main difference with respect to skeletal stromatolites (Riding 2000) .
Tufas can register environmental conditions and their changes, therefore they have been used as records of palaeoenvironmental change (Andrews 2006; Capezzuoli et al. 2014) . Texture provides information on the sedimentation context of the tufa formation. Particularly, in tufa stromatolites, the lamination allows annual resolution of the environmental signature (Kano et al. 2007; Arenas and Jones 2017; Rodríguez-Berriguete et al. 2018 ). In addition, stable isotopes can provide significant information about climate parameters on different time scales and, at times, even quantitative variations of seasonal temperature, via the 18 O/ 16 O fractionation. As for the δ 13 C calcite , it reflects, among other parameters, the relative contribution of organic carbon, which can depend on biota development and water availability (Andrews 2006) . Nevertheless, the diversity of factors that are involved in the tufa isotopic signature makes it difficult to extract palaeoenvironmental information from fossil tufa (Lojen et al. 2004; Anzalone et al. 2007; Rodrí-guez-Berriguete et al. 2018) .
Monitoring of the present-day processes of tufa formation has often become a useful resource to assess the relationship between tufa formation and the involved environmental parameters (Manzo et al. 2012; Osácar et al. 2016 and references therein). However, the application of the information derived from present-day tufas to decipher the formation conditions of fossil tufas is not straightforward. As a matter of the fact, tufas deposited under the same climate conditions may show different textural and isotopic responses depending, for instance, on the hydrodynamic conditions of the sedimentary environment, e.g., distance to the springs and deposition in ramp-vs pool-environments (D' Argenio and Ferreri 1988; Wang et al. 2014) . Therefore, this study aims to help constrain the interpretation of the formation of ancient tufa stromatolites features by directly comparing them with present tufa stromatolites formed in the same environmental setting. The results are compatible with studies in some ancient fluvial and lacustrine records, and may therefore be used to help develop a greater understanding of environmental processes affecting tufas in the rock record.
Several valleys in the Iberian Ranges (northeastern part of the Iberian Peninsula, Fig. 1a ) contain tufa deposits that formed during the Quaternary (Peña et al. 2014; Sancho et al. 2015) . At present, tufa formation continues in several of the river courses due to Ca 2+ -and HCO 3 − -rich water supply from karstic aquifers hosted in the Mesozoic thick carbonate-rock sequences (Vera 2004) . The River Piedra valley (the Spanish word piedra means stone) hosts thick and extensive Quaternary tufas that have been the focus of several studies (Vázquez-Urbez et al. 2011 Sancho et al. 2015) . Moreover, at present, a prominent feature of this river is the presence of a large tufa formation, which has allowed periodic monitoring over 13 years in the Monasterio de Piedra Natural Park, an excellent site for present tufa formation (e.g., Vázquez-Urbez et al. 2010; Arenas et al. , 2014 Osácar et al. 2013 Osácar et al. , 2016 .
In this paper representative samples of middle Pleistocene stromatolite tufa collected from the River Piedra area are compared with present-day tufa stromatolites formed in similar conditions in the same river. This recent record formed from 2000 to 2012 on an artificial substrate in the Natural Park, where environmental conditions were known Osácar et al. 2016) .
The results underscore the importance of coupling textural features and stable isotope composition in interpreting the temporal and climate significance of stromatolite lamination. More importantly, they show that ancient and recent stromatolites are comparable, both for the textural and isotopic characters. Therefore, the findings from modern stromatolite monitoring can be used, to some extent, to obtain palaeoenvironmental information in ancient stromatolites formed in the same conditions.
Geological setting
The studied deposits formed in the River Piedra valley, in the central part of the Iberian Ranges (Fig. 1a, b) , an intra-plate, NW-SE trending, mountain chain in the northeast of the Iberian Peninsula. In the study area the diverse geological units include: Ordovician sandstones, mudstones and quartzites; Triassic conglomerates, sandstones and mudstones (Facies Buntsandstein), dolostones and marls (Facies Muschelkalk) and mudstones and gypsum (Facies Keuper); Jurassic dolostones; Upper Cretaceous sandstones and mudstones (Albian), and limestones, dolostones and marlstones. The Cenozoic is represented by Paleogene and Neogene alluvial and fluvial conglomerates, sandstones and mudstones. Tufa and associated detrital Pleistocene and Holocene deposits crop out along the river valley, with the thickest deposits in the middle-lower reach, close to the Natural Park (Peña et al. 2014; Sancho et al. 2015) . The main carbonate sequences involved in the aquifer that feeds this and other tufa-depositing rivers in the Iberian Ranges are the Middle Jurassic limestones and Upper Cretaceous limestones and dolostones.
The present-day carbonate system
The modern River Piedra is an indirect tributary of the River Ebro that flows from south to north across the Iberian Ranges (northeastern Iberia) (Fig. 1a, b) . Close to its entrance into the La Tranquera reservoir, the overall river slope increases and forms a series of cascades, e.g., approximately 15-35 m high in the Monasterio de Piedra Natural Park (Fig. 1b) . Present-day tufa formation becomes noticeable 8 km downstream of the main springs located at Cimballa (Fig. 1b) and greatly increases coinciding with the main breakpoints in the river profile. Mean water discharge was 1.05 m 3 /s from 1999 to 2012 (data from Confederación Hidrográfica del Ebro, compiled by Arenas et al. 2014) . The river water is of the HCO 3 -SO 4 -Ca type. Within the park, where the deposit selected for this study formed, alkalinity varied mostly from 228 mg/L to 350.3 mg/L, Ca content from 75.1 mg/L to 105.3 mg/L and pH from 6.9 to 8.8. Saturation index with respect to calcite was usually higher than +0.7 Arenas et al. 2014) .
Results from periodic monitoring of hydrochemical, isotopic and sedimentary parameters (every six-months) at several sites that represent different depositional environments along the river over 13 years Osácar et al. 2016) show that: 1) deposition rates vary from less than 1 mm/ year up to ca. 14 mm/year, depending on flow conditions; 2) seasonal variations in depositional rates are linked to changes in temperature that affect calcite saturation index of water and the development of aquatic biota through photosynthesizing activity and biomass; and 3) calcite δ 18 O composition records temperature seasonal variations, and calcite δ 13 C composition reflects the rainfall variations that affect the river discharge through aquifer recharge. Note in b the location of the studied stromatolites: Pleistocene deposits at Los Bancales and the modern P-14 stromatolite in the Monasterio de Piedra Natural Park. Paleozoic (Ordovician): Siliciclastic sandstones and mudstones, and quartzites; Triassic: Siliciclastic conglomerates, sandstones and mudstones (Buntsandstein Facies), dolostones and marls (Muschelkalk Facies), and marls and gypsum (Keuper Facies); Jurassic: Dolostones; Cretaceous: Sandstones and mudstones (Albian), and limestones, dolostones and marlstones (Upper Cretaceous); Paleogene and Neogene: Polymict conglomerates, sandstones and mudstones; Quaternary: Gravels, sands and silts, and tufas
The highest deposition rates are linked to fast flow conditions on moderate-to high-slope substrates where microbial mats are dominant. One of these stromatolite records (P-14), formed in a stepped cascade from 2000 to 2012, is used for comparison with the Pleistocene stromatolites.
The Pleistocene stromatolites
The studied Pleistocene deposits formed in the River Piedra (Fig. 1b) , a high-gradient tufa system, mostly consisting of stepped barrage-cascade environments (Vázquez-Urbez et al. 2012) . In detail, the studied stromatolites form part of a cascade-barrage body that developed along a small valley between the main channel (River Piedra) and a secondary channel that received water from the main valley only during periods of diffluence. The development of tufa barrages in the main valley overpassed the height of the water divide that separated the main and the secondary valleys (Vázquez-Urbez et al. 2011) . Then, a series of small cascade-barrages separated by small pools developed along the small valleys as far as to the secondary valley. This diffluence episode occurred between 192 ± 26 ka and 233 ± 49 ka ago, according to ages provided by aminoacid racemization in carbonate bioclastic silts and sands corresponding to pool facies (Sancho et al. 2015) . In the study site, the deposit consisted of extensive stromatolite deposits and minor moss boundstones formed in a cascade-barrage at the entrance of the secondary valley. The height of this cascadebarrage was up to 5 m and it extended along tens of meters (Fig. 2) . The studied stromatolites are roughly 
Materials and methods
Texture and stable isotopes of two middle Pleistocene stromatolite specimens (LBA-9a and LBA-9b; Fig. 2 ) are studied and compared to one section of recent tufa (P-14) from a similar sedimentological and hydrological context.
The recent stromatolite
The recent stromatolite corresponds to the calcite deposit formed on an artificial substrate (limestone tablet 25 × 16 × 2 cm) installed during the monitoring process of the River Piedra on a stepped cascade, ca. 3 m high, with fast flowing water (Fig. 3 ). The site P-14 was selected because of the continuous stromatolite records and high deposition rates, with patterns comparable to other monitored sites in the river ). There, tablet P-14 was first installed in autumn 2000 and then removed at the end of every summer and the end of every winter, in order to measure the thickness of the deposit during each six-month period (see procedure details in Váz-quez-Urbez et al. 2010). These measures served later to identify the periods. Hereafter, the autumn-winter period is named the cool period, and spring-summer period the warm period. The tablet was substituted by a new one when the tufa thickness was too high for the measurement device, and definitively removed at the end of the summer of 2012. Therefore, the P-14 tablet deposit spans 12 years. The average water depth and velocity at the tablet site are 7.4 cm and 227.7 cm·s -1 in cool periods, and 6.5 cm and 221.5 cm·s -1 in warm periods ). In addition, water temperature (Tw) was measured by means of data loggers from October 2007 to September 2012 (Osácar et al. 2016) . The consecutive depositional records obtained at site P-14 were cut perpendicular to flow direction, and the corresponding sections were sampled with a microdrill of 0.4-0.8 mm diameter (Navfram model N120 Micromotor 25,000 rpm) for the stable isotope analyses. The results are reported in Osácar et al. (2016) .
The Pleistocene stromatolites
Two representative stromatolite specimens (LBA-9a and LBA-9b) were collected close to each other on the steep surface of the downstream cascade-barrage deposit (Fig. 2) . These samples are representative of the stromatolites in this stream and were selected for detailed study. Both specimens essentially consist of pure calcite, based on XRD analyses. Specimen LBA-9a is 13.7 cm thick and specimen LBA-9b is 8 cm thick (Figs. 4 and 5 ).
Powdered samples (1 mg) were obtained, on polished slabs, from each consecutive light and dark laminae, that is, a total of 17 light and 16 dark laminae in specimen LBA-9a, and 12 light and 12 dark laminae in specimen LBA-9b. δ 13 C and δ 18 O analyses were done at the Serveis Científico-Tècnics of the University of Barcelona (Spain), using a Thermo Finnigan MAT-252 mass spectrometer following standard procedures (Craig 1965) . The isotopic results are expressed in δ‰ Vienna Pee Dee Belemnite (VPDB) with an error margin of 0.04‰ for the δ 13 C and 0.12‰ for the δ 18 O. The data were calibrated with international reference scales VPDB using International Atomic Energy Agency Certified Reference Material NBS-19. Results are expressed in Table 1 .
Mineralogy was determined by X-ray diffraction (XRD) using a Phillips PW 1729 diffractometer at the Servicios de Apoyo a la Investigación (SAI) of the University of Zaragoza. Several thin sections were made for Pleistocene stromatolite (specimen LBA-9b). a Polished section of a portion of the specimen, with laminae identification beside the sampled points (A and B refer to the types of laminae described in the text); b and e Photomicrograph in optical microscope; b The two types of laminae. Note the gradual passage from type B to A and the sharp ending of type A, which at places is highlighted by a thin micrite lamina; c and d Photomicrographs from scanning electron microscopy; c Detail of lamination. Note calcite tubes between the large-crystal laminae (red arrow); d Detail of calcite tubes in the type B laminae; e Detail of coalescent bush-shaped bodies consisting of calcite filamentous bodies, likely from cyanobacteria, in a type B lamina textural and structural analyses through petrographic microscopy, and small solid pieces (2 × 5 × 8 mm 3 ) were used for scan electron microscopy (SEM) (Carl Zeiss MERLIN™ FESEM), operating at 3-15 kV and 158 pA), at the SAI of the University of Zaragoza.
Temperature calculation
In both Pleistocene and recent stromatolites, temperature from calcite δ 18 O was estimated by means of the equations of O'Brien et al. (2006) and Kim and O'Neil (1997) , the latter corrected for acid reaction fractionation (Böhm et al. 2000; Affek et al. 2008) . Mean water δ 18 O used in these equations was obtained by measurement in up to 12 sites through a 13-year monitoring: δ 18 O = -8.5‰ SMOW (standard mean ocean water) for warm periods and δ 18 O = -8.6‰ SMOW for cool periods (Osácar et al. 2016 ).
Results

The recent stromatolite
The textural and isotopic data of the recent stromatolite used here (record on tablet P-14) have been already published (Osácar et al. 2016; Arenas and Jones 2017; Arenas et al. 2018) , but a summary is included in this section as contextual information for the comparison with the Pleistocene stromatolites.
Structure and texture
The stromatolites developed on tablet P-14, made entirely of calcite, consist of alternating dense and porous composite laminae, with less common macrocrystalline laminae (Fig. 6) . The dense and porous composite laminae (up to 15 mm and 12 mm thick, respectively) are formed of several dense and porous single laminae ( Fig. 6 ; see also Arenas and Jones 2017) . These laminae are composed of tubes formed by calcite precipitation around filamentous cyanobacteria, primarily Phormidium incrustatum (Berrendero et al. 2016 ). The porous laminae are dominant in the cool period deposits, and the dense laminae are dominant in the warm period deposits. Each composite lamina, either dense or porous, represents a few months (typically up to about six months) of deposition (Arenas and Jones 2017) . The macrocrystalline laminae (up to 1.7 mm thick) are formed of elongate crystals (up to 1 mm long). These laminae are conspicuous at the base of most cool period deposits, but are also present in warm period deposits (Fig. 6 ). Osácar et al. 2016) . For the same time span, the difference between the δ 18 O means of cool and warm periods in stromatolites at site P-14 is 1.55‰ (maximum = -7.52‰, minimum = -9.07‰).
Stable isotopes and temperature estimation
The estimation of Tw (using the mean water δ 18 O measures, as explained in Methods; section 3.3) yielded temperatures close to the Tw measured during the monitoring survey (Table 3) . These calculated Tw values are also close to the coetaneous local air temperatures (Tair). Maximum and minimum mean six-month Tair are 11.3°C and 16.9°C. These results point to the calcite being precipitated close to isotopic equilibrium (Osácar et al. 2016) . The δ
13
C values of P-14 range from -7.03‰ to -8.52‰ VPDB (Table 1) . There is no relevant difference between mean δ 13 C values of warm (-8.00‰ VPDB) and cool periods (-7.84‰ VPDB) and the δ 13 C time evolution does not show any pattern (Fig. 7c) . Values of δ 13 C in tufa calcite presently precipitating in the River Piedra are higher than the corresponding δ 13 dissolved inorganic carbon (δ 13 C DIC ) values. Differences are in the expected range from the equilibrium isotopic fractionation, suggesting that carbon isotopic fractionation in these modern tufas is at or near isotopic equilibrium (Osácar et al. 2013 (Osácar et al. , 2016 . The two-period moving mean, calculated to remove the cyclic pattern, shows the evolution of both δ 13 C and δ 18 O through time. They exhibit an evident parallelism until Cool 09-10 period (Fig. 7c) , when δ 18 O starts a distinct decreasing trend that is correlated to the simultaneous decrease of the river discharge (Osácar et al. 2016 ).
The middle Pleistocene stromatolites 4.2.1 Structure and texture
The studied stromatolites have a multi-convex morphology, with decimeter-to meter-wide domes, developed through surfaces that are (sub) vertical at the top to (sub)horizontal at the distal part of the cascade-barrage deposit. In all cases, the laminae mimic the macroscale shapes. In hand specimen, lamination consists of alternating dark and light calcite laminae (Figs. 4a and 5a) , which under the optical microscope correspond, respectively, to (i) light, large-crystal laminae, and (ii) dark, small-crystal laminae (Figs. 4b and 5b) . The laminae are smooth and rarely show gentle undulations. Both types of laminae are single and, in a few cases, composite laminae, which are composed of thinner laminae that differ from one another in crystal size (Figs. 4 and 5) .
The light (under microscope), large-crystal laminae (hereafter type A laminae) are 0.5-2.2 mm thick, being most common the laminae 1-1.2 mm thick in the two studied specimens. Type A laminae exhibit columnar crystals that commonly widen upwards, up to 0.3 mm wide and 1 mm long. The crystals are grouped laterally, in some cases as adjacent fan-shaped bodies, forming palisades that at places can show gently domed tops. Most commonly, these Fig. 6 Recent stromatolite formed at site P-14 (see Fig. 2 ). a Portion of a cross-section of deposit on a tablet, with the identification of six-month deposits. Note the dominant lamination and dense fabric in the warm-period deposits. A macrocrystalline lamina is distinguished at the base of the cool period (2004) (2005) deposits; b Photomicrograph of a portion of A with indication of six-month periods and the three types of laminae; c Detail of a portion of b, showing a macrocrystalline lamina over a sharp base and then overlain by micrite cyanobacterial filaments arranged as a fan-shaped body laminae are the upward transition from the type B laminae. The tops of the large crystals can show sharp endings. In some cases, the large crystals show overgrowing larger crystals. Within some crystals, elongated bodies that are attributed to filamentous microbes can be seen parallel to the crystal length. Some cyanobacterial tubes can be filled by calcite, in particular at the contact with the type B laminae. Porosity in type A laminae is very low, mostly intercrystalline (< 5% from visual estimations in the microscope).
The dark (under microscope), small-crystal laminae (hereafter type B laminae) are 1.9-6 mm thick. Most common thickness is 5 mm in specimen LBA-9a and 3 mm in specimen LBA-9b, respectively. These laminae are micritic to sparitic, though large columnar crystals may also be present, in particular in the upper part of the laminae, through the passage to the type A laminae. Micrite and microsparite appear forming filamentous bodies grouped into adjacent bunches and fan-shaped bodies, up to 1.5 mm high, which are attributed to filamentous cyanobacteria (Figs. 4c, 5b and e) . The individual filamentous bodies are preserved as calcite tubes (inner diameter 5-7 μm wide and coating approximately 7-10 μm thick). Matrix among the filaments is composed of clotted micrite and microsparite (euhedral and subhedral calcite). Porosity is of growth-framework, mouldic (from insects) and intergranular types (approximately 10%-15% from visual estimates in the microscope).
Commonly, upward transitions from the type B laminae to type A laminae are gradational (Figs. 4b  and 5b) . Conversely, the passage from type A laminae to type B laminae is mostly sharp, in some cases coinciding with a thin layer (< 40 μm) of much smaller calcite crystals (Fig. 5b) . The boundaries from type A laminae to type B laminae can also be gradational. In this case, there is commonly an increase in crystal size upwards. Dissolution features are rare, but can be observed at the top of some type A laminae (e.g. top of lamina 14A in specimen LBA-9a, Fig. 4b ). Erosional features are rare and occur at the top of the type B laminae (e.g., at the boundary between 14A and 15B in specimen LBA-9a (Fig. 4b) .
Stable isotopes and temperature estimation
The δ 18 O and δ 13 C values of the laminae in the Pleistocene specimens range from -6.85‰ to -9.74‰ PDB and -5.99‰ to -7.90 ‰ VPDB, respectively (Table 2 ). δ 18 O and δ 13 C are of the same order in both studied specimens, although the mean values of specimen LBA-9b are slightly lower ( Table 2 ). The difference between the mean δ 18 O of the two lamina types is 1.68‰ PDB for specimen LBA-9a and 1.49‰ VPDB for LBA-9b. The mean δ 13 C difference, significantly lower, is 0.12‰ VPDB for specimen LBA-9a and 0.20‰ VPDB for LBA-9b.
In both specimens, δ 18 O values show an evident rhythmic pattern through time, with higher values in the type A laminae than in the type B laminae (Fig. 7a and b) . Mean δ 18 O are -7.29‰ and -7.66‰ VPDB in lamina A for specimens LBA-9a and LBA-9b respectively, and -8.97‰ and -9.15‰ VPDB in lamina B for specimens LBA-9a and LBA-9b respectively (Table 2) . Given the dominant influence of temperature on 18 O/ 16 O fractionation in fluvial environments (e.g., Leng and Marshall 2004) , the rhythmic δ 18 O pattern represents the oscillation between low-and high-temperature deposits. The time span of each type of lamina is unknown and they do not necessarily represent equal durations. Therefore, hereafter, type A laminae correspond broadly to the cool period deposits, and type B laminae to the warm period deposits. Assuming that these changes are biannual, each couple (A + B) represents one year (e.g., Arenas et al. 2018) . Therefore, the analyzed specimens represent 16.5 years (LBA-9a) and 12 years (LBA-9b), respectively. Hence, although cool-and warm-period laminae of the recent stromatolite are not fully equivalent to the type A and type B laminae of the Pleistocene specimens, they are comparable, taken into account the possible duration difference. The δ 13 C values do not show a distinct pattern through the analyzed specimens (Fig. 7) , although the mean δ 13 C in type A laminae is lower than mean δ 13 C in type B laminae, in both specimens ( Table 2 ). The two-period moving mean time of δ 18 O and δ 13 C shows parallel time evolution in both specimens (Fig. 7) .
The estimation of the water temperatures from δ 18 O calcite of fossil carbonates requires selecting a water δ 18 O value, which is not possible to know directly. In this study case, the present δ 18 O values of the River Piedra water measured in cool and warm periods (Osácar et al. 2016 ) are used. The mean estimated temperatures for the type A laminae and type B laminae range from 8.9°C to 18.3°C (Table 3) .
5 Discussion: Comparison of Pleistocene and recent stromatolite records
Structure and texture
The recent fluvial stromatolites show thickness, texture and porosity variations of the laminae that are comparable to the Pleistocene examples. The alternating thin large-crystal laminae (type A laminae) and thick small-crystal laminae (type B laminae) in the Pleistocene stromatolites can be compared with the recent lamination as the textural rhythmicity reflects the different growth of the microbial mats, being much smaller or even absent during the type A lamina formation. Despite not being totally time-equivalent, the macrocrystalline laminae in the recent stromatolite resemble the large-crystal laminae (type A laminae) in the ancient examples (compare Figs. 4, 5 and 6). In fact, the best development of the macrocrystalline laminae occur within the six-month cool period deposits, which is consistent with the formation of the type A laminae during the cool seasons in the Pleistocene samples.
In the Pleistocene stromatolites, the gradual transition from type B laminae to type A laminae suggests decreased development of the surface activity of the microbial mat (mainly cyanobacteria) as temperature and light decrease, i.e., at the end of the autumn and in winter. The limited bacterial growth during the coldest moments causes that calcite precipitation, whenever the chemical conditions are suitable, can occur outside the biofilm (i.e., extra-EPS, extracellular polymeric substances, sites of Pedley 2014), favoring abiogenic precipitation of large calcite crystals (Pedley 2014) . This type of calcification may occur during autumn and winter, favoring large-crystal calcite growth on and into the cyanobacterial mat (cf. Pentecost 1987 Pentecost , 1988 . In the studied recent fluvial stromatolites, sharp bases below macrocrystalline laminae suggest breaks in the cyanobacterial growth at discrete times (Arenas and Jones 2017) . Either erosion or seasonally low temperatures can cause these interruptions (cf. Arp et al. 2010) . The sharp textural passages from type A laminae to type B laminae rather suggest breaks in calcite precipitation.
These results support that the formation of the small-crystal laminae are linked to calcite precipitation associated to the microbial activity (i.e., intra-EPS sites of Pedley 2014), which is favored in the warm seasons. In contrast, large-crystal laminae reflect calcite precipitation in the absence of microbial mats, which can occur in cold conditions, or after erosional episodes, or even on blank substrates.
Stable isotope composition
Oxygen isotopes
The δ
18 O values of Pleistocene and recent stromatolites are quite similar (Fig. 7 and Table 3) ; the calculated Tw values are also close to the present measured Tw values in the River Piedra. This agreement points to Pleistocene calcite being precipitated close to isotopic equilibrium, i.e., the conditions represented by the equations of O' Brien et al. 2006 and Kim and O'Neil 1997 . This condition (near-isotopic equilibrium tufa formation) has been also claimed for other fossil tufa, either Pleistocene (Anzalone et al. 2007; Brasier et al. 2010) , Holocene (Garnett et al. 2004; O'Brien et al. 2006) or even Eocene (Chafetz et al. 1991) , as well as for the recent tufa in the River Piedra (Osácar et al. 2013 (Osácar et al. , 2016 .
Nevertheless, some significant differences arise when the data dispersion is considered. The δ 18 O of both Pleistocene specimens display wider variability than the recent stromatolite (P-14). The total δ 18 O ranges, as well as the differences between the δ 18 O mean values, are (Table 2 ). In the case of type B laminae, the relatively larger variability could be attributed to their longer duration, more than six months, however, the range of type A laminae is not shrunk in the same proportion. These circumstances confirm the larger isotopic variability of Pleistocene stromatolites and suggests that type B laminae represent longer duration than the recent warm period laminae, whereas type A laminae duration should be shorter than the recent cool-period laminae; this is consistent with the fact that the type A laminae of Pleistocene deposits are equivalent to the macrocrystalline laminae within the cool period deposits of the recent stromatolite. (Hori et al. 2009 ). This situation is compatible with most of the river water being supplied by the aquifer, with very minor water inputs from other sources (e.g. runoff ). Moreover, in this situation, water would have been chemically homogenized within the aquifer, to some extent. As for evaporation, it should have little effect on water of hydrologically open systems, as is the studied case. Finally, the regularity of the calcite δ 18 O oscillations suggests that diagenesis has not altered the seasonal isotopic signature (cf. Brasier et al. 2011) .
Therefore, according to the temperature dependence of the 18 O/ 16 O fractionation, the Pleistocene stromatolite δ 18 O oscillations reflect the corresponding water temperature oscillations, that would have been wider than presently. Using the present measured δ 18 O of water, a seasonal temperature variation of 7°C to 8.1°C for the Pleistocene Tw and 4°C for the present Tw (Table 3) are estimated. Assuming the River Piedra behavior in the Pleistocene was similar to the present, relative to the seasonal oscillations of the average Tair mimicking the measured mean Tw variations, the Pleistocene stromatolites indicate a more contrasted seasonal temperature than presently. Attention should be paid to the fact that tufa rate deposition decreases at a low temperature, therefore, periods of lower temperatures may be not recorded by tufa (Mischke and Zhang 2008; Arenas et al. 2018) .
The higher than present Tw inferred from the Pleistocene stromatolite are consistent with the deposit being formed during one of the interglacial substages of MIS 7 (Sancho et al. 2015) . Tufa deposition during MIS 7 in the Iberian Ranges is regulated by biostatic environments sensitive to the precipitation regime and summer insolation, probably under warmer and wetter conditions than the present (Sancho et al. 2015) and it shows a high climate variability (Lisiecki and Raymo 2005) . Thus, climate comparison between MIS 7 and the present becomes a complex subject. More robust chronological data from local fluvial tufa records and more precise Iberian regional palaeoclimatic reconstructions are undoubtedly necessary to address this goal.
Carbon isotopes
The mean δ 13 C values of the Pleistocene specimens are higher than those in the recent stromatolite, especially in sample LBA-9a, which shows the highest δ 13 C values (Table 2 ; Fig. 8 ). In the two Pleistocene specimens, the mean δ 13 C values are higher in the type B laminae (warm periods). In contrast, in the recent stromatolite, the mean δ 13 C values are lower in warm periods than in cool periods (Table 2 ). The total δ 13 C ranges in the Pleistocene stromatolites are similar (1.48‰ in LBA-9b) or wider (1.91‰ in LBA-9a) than in the recent stromatolite (1.49‰), and slightly wider in type B laminae than in type A laminae (Table 2 and Fig. 7) .
Despite these differences, most of the δ 13 C values in the Pleistocene specimens (except those from the type B laminae of LBA-9a) are included in the field of the present stromatolites recorded in the River Piedra from 1999 to 2012, both in the cool and warm periods (Fig. 8) . As calcite δ 13 C in these environments usually reflects the water δ 13 C DIC , it can be assumed that the δ 13 C DIC values of the Pleistocene waters should be also similar to the present water values, reflecting also a mixture of carbon derived from soil-derived organic matter, dissolution of carbonate bedrock in the aquifer, influence of photosynthesis and CO 2 degassing along the river, as in the present River Piedra (cf. Usdowski et al. 1979; Andrews et al. 1993; Pentecost 2005; Andrews 2006 ). The only exception is the warm-period laminae of specimen LBA-9a, whose δ 13 C are shifted towards less negative values than the other modern and old samples compared in this study (Fig. 8) , suggesting the influence of additional processes in the isotopic signature of this sample.
The difference between δ 13 C of the recent and the Pleistocene stromatolites is, in general, smaller than thẽ 1.5‰ VPDB difference due to the Suess Effect. The relative depletion of 13 C in the atmosphere resulting from the addition of anthropogenic CO 2 from fossil fuel burning and deforestation has become widely known as the Suess Effect (Keeling 1979) by analogy with a similar depletion of radiocarbon described by Suess (1953) . Therefore, excluding this effect, the mean isotopic signature of the Pleistocene specimen corresponds to an isotopically lighter carbon than that in the recent record. This difference can be interpreted in terms of a higher contribution of soil-derived carbon, which agrees with the general interglacial conditions in this epoch (Ortiz et al. 2009 ). In fact, the prevalence of humid conditions and enhanced vegetation productivity, related also to the increased dynamics of regional karstic systems, is also supported by the speleothemic development recorded in the southeastern sector of the Iberian Ranges at the onset of the MIS 7 (Pérez-Mejías et al. 2017).
δ
13 C and δ
O relationship
The overall set of δ 13 C and δ 18 O values recorded in the Pleistocene samples does not show a meaningful correlation. δ 13 C and δ 18 O covariation has not been found either in present deposits of the River Piedra, and δ 13 C values only display a weak seasonal variation in the modern stromatolites (Osácar et al. 2013; Arenas et al. 2018) . Although a seasonal behavior in carbon isotope composition is sometimes present (e.g., Matsuoka et al. 2001; Lojen et al. 2004; Smith et al. 2004; Liu et al. 2006) , the absence of seasonal δ 13 C calcite patterns in tufas is common, caused by the number of conflicting parameters that affect the signature (Andrews et al. 1997; Lojen et al. 2004; Andrews 2006; Brasier et al. 2010; Osácar et al. 2013) .
However, when values of the laminae of types A and B are analyzed separately, a meaningful positive correlation (R = 0.64, p < 0.05) is obtained for type B laminae in Fig. 8 Carbon isotopic values (δ 13 C) for the Pleistocene tufas during cold and warm periods compared with those in the present-day dissolved inorganic carbon (DIC, from -8.1‰ to -10.5‰; Osácar et al. 2016) , in the modern precipitates recorded in the River Piedra (data from P-14 record are separately shown) and all of them related with the most probable sources of carbon. Only C3-metabolism plants and atmospheric CO 2 have been considered (C4-and crassulacean acid-metabolism plants are not present in the area). The C3 range (shaded in gray) is the most frequent range for C3 plants (Deines 1980; Cerling 1991; Killops and Killops 2005) . The range for atmospheric CO 2 is defined by the pre-industrial and the present atmospheric value (δ 13 C = -6.5‰ and -8‰, respectively; Friedli et al. 1986 ). The soil-CO 2 is about 4.5‰ heavier than the plant biomass (Cerling 1984 (Cerling , 1991 . The isotopic difference between soil-CO 2 and DIC depends on the pH and temperature. At pH values close to 5 this difference is near 0‰; but at pH values between 7.5 and 8, it is relatively independent of pH (Romanek et al. 1992) . The theoretical isotopic DIC and calcite values have been obtained considering a calcite-bicarbonate enrichment of 1‰ (independent of temperature) and the calcite-CO 2 equation proposed by Romanek et al. (1992) for temperatures of 0, 15°C and 30°C. A δ 13 C value (+3.2‰) for the carbonate aquifer (Upper Cretaceous limestones) feeding the Piedra River is available from IGME (1982) . Modified from Ortiz et al. (2009) specimen LBA-9a (which also shows the widest range in δ 13 C and δ 18 O values), and for the type A laminae in specimen LBA-9b (R = 0.69, p < 0.05).
Positive correlation between δ 13 C and δ 18 O values have been described in some tufa deposits (e.g., Pazdur et al. 1988; Matsuoka et al. 2001; Andrews et al. 1997 Andrews et al. , 2000 Andrews 2006; Liu et al. 2006; Kano et al. 2007; Yan et al. 2017) , and their environmental meaning has been widely discussed (e.g., Pazdur et al. 1988; Andrews et al. 2000; Smith et al. 2004; Cremaschi et al. 2010; Wang et al. 2014) . Tufa isotope covariance may reflect climatic controls on the carbon-and oxygen-isotope composition of the related waters or may be an effect of systematic downstream variations in both isotopes, e.g. related to in-stream physicochemical processes, like evaporation or kinetic isotope effects, during tufa deposition (Smith et al. 2004; Yan et al. 2012) .
In the studied Pleistocene stromatolites the observed covariation, affecting only to one kind of laminae, would most probably support an origin related with local physicochemical processes in the stream, promoting additional and variable participation of CO 2 outgassing and evaporation processes in the sites, instead of reflecting climatic controls. Photosynthesis effects may also lead to an increase in δ 13 C of calcite (cf. Pentecost 2000 Pentecost , 2005 , which should be more intense in the warm periods.
The range of δ 13 C values for the cool periods in specimen LBA-9b is similar to those in the recent stromatolite (Fig. 8) , where no covariation with δ 18 O has been found. The shift in the range of δ 13 C values for the warm period laminae in specimen LBA-9a (most probably related with local evaporation processes) is small compared with the rest of examined samples (Fig. 8 ). These observations would support an interpretation that, even in these particular situations with the detected δ 13 C and δ 18 O covariation, calcite deposition occurred not far from isotopic equilibrium, as it was also inferred from the δ 18 O calculated Tw. Despite the absence of δ 13 C rhythmicity, the parallelism between the evolution of δ 13 C and δ 18 O through time in both the Pleistocene and the recent stromatolites supports the use of the textural and isotopic outcomes of the tufa monitoring study to interpret climate and environmental parameters of the fossil tufa in the River Piedra context.
Comparison with other ancient stromatolites
There are few published studies that deal with coupled textural features and stable isotopic composition of the laminae in ancient stromatolites and oncolites aiming to decipher the depositional, hydrological and climatic conditions. Most of these studies refer to either fluvial or lacustrine carbonate systems, and marine examples are very rare. The very few published or known marine examples formed in coastal lagoons and tidal flats, generally with high salinity and involving dolomitic laminae (e.g. Paull et al. 1992; Travé Herrero 1992; Wright 1993) . These facts make comparison with continental stromatolites and oncolites, in particular those of freshwater environments, more difficult because of the different and/ or more varied parameters involved in the textural features and isotopic signatures. For example, one of these studies that considered seriated isotopic studies corresponds to sub-recent lagoon environments, but the results were largely influenced by diagenetic effects and therefore their use concerning environmental conditions are blurred (Paull et al. 1992) .
In fluvial systems, Brasier et al. (2010) found that the cyclic evolution of δ 18 O in a laminated tufa deposit~100 ka (the Pleistocene, MIS 5) in Greece reflects seasonal changes in stream water temperature. However, the calculated Tw values underestimated the present-day seasonal range. The sharp textural changes and the shifts in δ 18 O at the lamina boundaries allowed them to conclude that the calculated Tw reflects only the spring and autumn stream temperatures, explaining the mismatch between expected and δ 18 O-calculated temperature range. Another example from an Eemian tufa stromatolite in France (Dabkowski et al. 2015) showed abrupt δ 18 O reversals within the laminae, which were related to changes in growth rate in spring and autumn. Therefore, these studies demonstrated the utility of coupled textural and geochemical studies to infer climatic conditions at seasonal scale. The recent stromatolites in the River Piedra valley show similar behaviour, with textural features and isotopic data being more continuous (Arenas et al. 2018) , and therefore reflecting more complete records, which strongly supports the use of the results obtained from this study to other examples.
Moreover, implications from the mid Pleistocene stromatolites in the River Piedra are consistent with the palaeoclimatic potential inferred from the mid Holocene dense-porous laminated tufa formed in high-altitude streams of the northern Tibetan Plateau (Mischke and Zhang 2008) , which broadens the spectrum of application of this type of studies. There, annual couplets consisting of dense (thicker white) and porous (thinner dark) laminae formed, respectively, during the warm and relatively wet summer season (lower δ
18
O values), with faster deposition due to higher temperature, and during the cool and drier spring and autumn (higher δ
O values), with slower deposition. Interruptions are represented by sharp changes in texture and isotopic composition, which correspond to very cold conditions. These seasonal variations greatly fit the textural and stable isotope variations in the River Piedra and in other Quaternary examples of the Iberian Ranges (Osácar et al. 2017) .
Lamination in oncolites and stromatolites that formed in older fluviolacustrine systems has been the focus of several studies. In the late Paleocene to Eocene of the Ebro Basin (northeastern part of the Iberian Peninsula), the stable isotope composition showed no significant difference between the light and the dark laminae, which was attributed to the tropical conditions of the basin by that time (Zamarreño et al. 1997) . During the Late Jurassic, in the northern part of the Iberian Peninsula, microbial lamination has been the focus of textural and stable isotopic studies . The cyclic and parallel variation of texture and isotopic values was interpreted as a function of temperature and precipitation acting at different time scales, in spite of the fact that there were very small differences in the δ
O between the light and dark laminae. Regardless, textural and isotopic variations are consistent with the results from this study.
In the case of closed lake systems, the effects of temperature on δ 18 O fractionation are variably blurred (Leng and Marshall 2004) . In contrast, evaporation effects are more effective on the water δ 18 O and thus on calcite δ 18 O. Therefore, the cyclic δ 18 O variation of the laminae commonly is attributed to changes in evaporation and recharge of the lake water (e.g. Talbot 1990; Frantz et al. 2014; Martín Bello et al. 2017) . Frantz et al. (2014) found that lacustrine stromatolites of the Green River Formation (Eocene, USA) have strongly covariant δ 13 C and δ 18 O, which is consistent with the closed character of the lake. The large-crystal laminae (fan microfabric), interpreted as abiogenic in nature, have lower δ 18 O and formed in cooler waters, when the lake was deeper. In contrast, the micrite laminae, with evidence of biogenicity, are enriched in δ 18 O and formed when the lake was shallow and warm (Frantz et al. 2014) . The Pleistocene samples studied in the River Piedra valley showed similar textural features and isotopic behaviour, with the type B laminae formed in the warm periods and the type A laminae formed in the cool periods. The δ 18 O cyclicity in that river reflected the seasonal variations in Tw, typical of hydrologically open systems, in which δ 13 C values do not parallel δ 18 O variations. Regardless of the process involved in δ 18 O signature, the textural and isotopic features of the Eocene lacustrine and the Pleistocene fluvial stromatolites are comparable on a seasonal scale, which vouch for the use of such coupled analyses to constrain highresolution climatic conditions (Martín Bello et al., work in progress) . Therefore, the comparison of the results of this study with those from other ancient stromatolites greatly supports the value and broad application of the findings to other fossil examples, including those from other environmental settings. composition was substantially stable during the Pleistocene stromatolite formation and is evidence that stromatolite calcite was precipitated close to isotopic equilibrium, and was not significantly altered by diagenesis. The seasonal temperature range was wider than in recent stromatolite. 4) δ 13 C of Pleistocene stromatolites do not show any distinct pattern through time. However, δ 13 C correlates well with δ 18 O in some cases, remarkably in warm-period deposits of one of the specimens. This correlation may be caused by a local increase in evaporation during the warm periods and is also suggestive of photosynthesis effects on δ 13 C. 5) The Pleistocene stromatolites show overall parallel evolution of δ 13 C calcite and δ 18 O calcite , which is also present in the recent stromatolite, except for a group of data coinciding with river discharge decrease. 6) The similarity between the isotopic behavior of Pleistocene and recent stromatolites in the River Piedra, along with the comparison with other ancient stromatolites, supports the extrapolation of results from the recent to the ancient stromatolites in fluvial and likely in other environments. 
